Abstract Retrotransposon (RTN)-based markers, such as the inter-retrotransposon amplified polymorphism (IRAP) and the retrotransposon-microsatellite amplified polymorphism (REMAP), are highly informative, multilocus, and reveal insertion polymorphisms among individuals. These markers have been used for evolutionary studies, genetic diversity assessment, DNA fingerprinting, and detection of genetic rearrangements induced by allopolyploidization. ; 2n=2x=14) and durum wheat (Triticum turgidum L. conv. durum ) (AABB; 2n=4x= 28). With this study, we carried out the DNA fingerprinting of two newly formed hexaploid tritordeum lines (HT22 and HT27) and their respective parents, line H1 of H. chilense and line T81 of durum wheat, based on IRAPs, REMAPs and inter-simple sequence repeats (ISSRs), in order to detect potential rearrangements in tritordeum derived from polyploidization. The amphiploid nature of the HT22 and HT27 individuals was successfully confirmed after fluorescence in situ hybridization (FISH), which was performed on their mitotic chromosome spreads with genomic DNA from H. chilense and 45S ribosomal DNA (rDNA), simultaneously, as probes. Six combinations of LTR (long terminal repeat) primers and seven combinations of one LTR and one SSR (simple sequence repeat) primers successfully produced IRAPs and REMAPs, respectively, in both tritordeum lines, and their respective parents. ISSRs were produced with three SSR primers (8081, 8082, and 8564). The analysis of the presence/absence of bands among the tritordeum lines and the respective parents allowed the detection of polymorphic bands: (1) shared by tritordeum and one of the parents; (2) exclusively amplified in tritordeum; and (3) exclusively present in one of the parents. Once no polymorphism was detected among the individuals of each parental species, the polymorphic bands that fit into the second and third cases probably constituted rearrangements in the newly formed tritordeums that arose in response to allopolyploidization, which resulted from the loss of parental bands or, conversely, from the appearance of novel bands not seen in the parental species. Most of the polymorphic IRAPs in tritordeum were shared with the female parent (H. chilense), while most of the polymorphic REMAPs and ISSRs were common to the male parent (durum wheat), but globally, most of the bands inherited by tritordeum had a wheat origin. In conclusion, these dominant markers were successful for DNA fingerprinting and detection of rearrangements in newly formed tritordeum derived from responses to allopolyploidization. 
Introduction
The Triticeae tribe (Poaceae family) includes a high number of diploid and polyploid species that share a common ancestor and homeologous chromosomal groups. Wheat, barley, and rye belong to this tribe. The polyploid species of Triticeae have huge and complex genomes with high amounts of repetitive DNA and transposable elements (TEs) derived from polyploidization (Sabot and Schulman 2007; Kraitshtein et al. 2010) . The hexaploid wheat (Triticum aestivum L. em. Thell) is a natural amphiploid derived from spontaneous hybridizations between diploid and allopolyploid species (revised by Sabot et al. 2005) . Breeders have developed synthetic amphiploids such as triticale (X Triticosecale Wittmack) and tritordeum (X Tritordeum Ascherson et Graebner) of different ploidy levels and genomic constitutions, but the hexaploids have a higher potential for agriculture and wheat genetic improvement. The hexaploid triticale resulted from interspecific crosses between durum wheat (Triticum turgidum L.; 2n=4x=28) and rye (Secale cereale L.; 2n=2x=14), whereas the hexaploid tritordeum was produced by interspecific crosses between the wild barley Hordeum chilense Roem. et Schultz. (2n=2x=14) and the durum wheat (Martín and Sánchez-Monge Laguna 1982) . The hexaploid tritordeum has recently received attention as a potential crop, and a breeding program has been developed including the production of chromosome substitutions involving D and H ch genomes (Castillo et al. 2013) . During the past 15 years, our research group has characterized advanced lines of hexaploid tritordeum at morphological, molecular, yield, and cytogenetic levels, as well as multigeneric hybrids involving it as a male parent. This amphiploid has a reduced frequency of aneuploidy, high growth rate, good fertility, chromosome stability, and a morphology similar to that of wheat (Lima-Brito et al. 1998 Carvalho 2004; Carvalho et al. 2005 Carvalho et al. , 2008 Carvalho et al. , 2009 .
Allopolyploids conjugate genomes (multiple sets of chromosomes) from two or more species within a single nucleus and embed it in the cytoplasm of the female parent. Allopolyploidization is considered a revolutionary event through which a new species is formed in one step, generating two genomic "shocks" on the newly formed allopolyploid species: hybridization and polyploidization (Ozkan et al. 2001) . The nucleus of the nascent allopolyploids experience several conflicts due to differences in the sizes and compositions of the genomes, regulatory mechanisms of gene expression, cell cycle duration, genetic and epigenetic modifications, and other aspects that contribute to the nuclear physiological harmony (Jones and Hegarty 2009; Kraitshtein et al. 2010) . The successful establishment of a newly formed allopolyploid species might involve chromosome and sequence rearrangements, activation of transposons, and reassortment or elimination of highly repetitive and low-copy sequences (Ozkan et al. 2001) . Furthermore, the low-copy sequences eliminated during allopolyploidization might be non-coding, chromosome-specific sequences (CSS) or genome-specific sequences (GSSs) which are ubiquitous and highly conserved among the diploid species of Triticeae. The nonrandom elimination of DNA sequences increases the divergence among the homeologous chromosomes, accelerating the evolution and providing the physical basis for the diploid-like meiotic behavior (i.e., the exclusive pairing of homologous chromosomes) in the newly formed allopolyploids (Ozkan et al. 2001) .
The TEs are known to play an important role in the structure and evolutionary dynamics of the Triticeae genomes Sabot et al. 2005; Sabot and Schulman 2007) . Based on their mode of transposition, TEs are divided into two major classes: Class I and Class II. Class I elements (retrotransposons, RTNs) move via an RNA intermediate, while Class II elements (transposons) move via a DNA intermediate (see Sabot et al. 2005) . Class I transposable elements include the long terminal repeat (LTR) and the non-LTR RTNs (Sabot et al. 2005; Calonje et al. 2009 ). Most of the nuclear DNA in grasses such as maize, wheat, and barley is composed of LTR RTNs (Sabot and Schulman 2007) . In natural and newly formed allopolyploids, several kinds of RTNs are activated (Baumel et al. 2002; Kashkush et al. 2002) . However, it is difficult to ascribe the nonrandom, directional, and highly reproducible elimination of sequences to RTN activity (Ozkan et al. 2001) .
The design of primers to the highly conserved terminals of LTRs allowed the development of RTN-based markers, such as the inter-retrotransposon amplified polymorphism (IRAP) and retrotransposon-microsatellite amplified polymorphism (REMAP), for the BARE-I family of Hordeum (Kalendar et al. 1999; Kalendar and Schulman 2006) . The IRAP markers consist of the amplification of genomic DNA between two nearby RTNs using outward-facing primers that anneal to LTR target sequences. REMAP markers arise from amplification of the DNA region between two close RTN and simple sequence repeat (SSR) regions, using one outward-facing LTR primer and one SSR primer (Kalendar and Schulman 2006) . Both markers detected a high degree of heterogeneity and irreversible insertion polymorphisms within and among species (Kalendar et al. 1999; Kalendar and Schulman 2006) . IRAP and REMAP have been used for genetic diversity assessment (Chadha and Gopalakrishna 2005; Branco et al. 2007; Carvalho et al. 2010 Carvalho et al. , 2012 ; genetic mapping; marker-assisted selection (MAS); DNA fingerprinting; evolutionary studies; and estimation of phylogenetic relationships (Kalendar et al. 1999; Manninen et al. 2000; Leigh et al. 2003; Alavi-Kia et al. 2008; Saeidi et al. 2008; Carvalho et al. 2010 Carvalho et al. , 2012 . These markers were also successful for the uncovering of polyploidization-induced genetic restructuring in triticale and in seven wheat-rye addition lines (Bento et al. 2008 (Bento et al. , 2010 . Bento et al. (2010) stated that the smaller the amount of rye chromatin introgressed into the wheat, the larger the outcome of genome reshuffling.
In order to extend our previous studies of tritordeum, we evaluated the potential of IRAP, REMAP, and ISSR markers for DNA fingerprinting in two lines of newly formed hexaploid tritordeum (HT22 and HT27) and their respective parents, H. chilense (lines H1 and H7, respectively) and T. turgidum (line T81). We also investigated the occurrence of rearrangements in tritordeum derived from the allopolyploidization process.
Materials and Methods

Plant Materials and Genomic DNA Extraction
Seeds from the hexaploid tritordeum lines HT22 and HT27 (2n=6x=42; H ch H ch AABB), the female parent H. chilenselines H1 and H7 (H ch H ch ; 2n=2x=14), and the male parent, T. turgidum line T81 (AABB; 2n=4x=28), were kindly given by Prof. Antonio Martin (IAS-CSIC, Cordoba). The tritordeum lines were produced at IAS-CSIC (Cordoba). The seeds were allowed to germinate in distilled water in the dark at 25°C for 48 h. Root tips of approximately 1 cm long were cut, treated in ice-cold water for 24 h to arrest mitotic metaphase cells, and fixed in an ethanol and acetic acid (3:1) solution. Root tips were maintained at −20°C until the preparation of chromosome spreads. The plantlets were maintained under greenhouse conditions. Three to five young leaves were cut and immediately conserved in liquid nitrogen. Genomic DNA extraction was performed following a CTAB-based protocol (Doyle and Doyle 1987) , and the quantification was carried out with the spectrophotometer Nanodrop TM ND-1000. The DNA integrity was evaluated after electrophoresis on 0.8 % agarose gels stained with ethidium bromide.
Fluorescence in situ Hybridization (FISH)
Mitotic chromosome spreads from eight tritordeum plants (four plants of line HT22 and four plants of line HT27) were used in FISH experiments performed with genomic DNA isolated from H. chilense and the 45S ribosomal DNA (rDNA) sequence, pTa71 (Gerlach and Bedbrook 1979) , simultaneously, as probes. The genomic DNA from H. chilense and pTa71 were labeled by nick translation with biotin-16-dUTP and digoxigenin-11-dUTP, respectively. Unlabeled total genomic DNA from durum wheat 'Candial' (AABB) was sheared by autoclaving and used as blocking DNA. The hybridization signals of the probes labeled with biotin and digoxigenin were detected with the secondary antibodies fluorescein-avidin-FITC (Vector Laboratories) and antidigoxigenin-rhodamine (Roche Applied Sciences), respectively. The slides were mounted with Vecta Shield with DAPI (4′,6′-diamino-2-phenilindole; Vector Laboratories), and observed on an epifluorescence microscope (Axioplan 2; Zeiss) equipped with appropriate light filters. The images were captured by an AxionCAM (Zeiss) with the AxionVision software and prepared for printing with Adobe Photoshop ® 6.0.
IRAP, REMAP and ISSR Amplifications
Thirteen LTR primers, previously used by other authors (Table 1) , were tested individually in the eight tritordeum plants and respective parental species (lines H1, H7, and T81) to achieve IRAP markers. The LTR primers that produced the IRAP markers when used alone were further combined among them, performing as many combinations as possible, to achieve additional IRAP markers. Seven SSR sequences reported by Kalendar et al. (1999) were tested for the production of ISSR markers (Table 1 ). The SSR primers that produced discriminative ISSRs were further combined with the LTR primers that produced IRAPs when used alone, to produce the REMAP markers. The PCR reaction mixture (final volume of 20 μL) included: 80 ng/μL of genomic DNA, 5 μM of each primer, 2 μL of 10× reaction buffer, a final concentration of 1.5 mM MgCl 2 , a final concentration of 0.25 mM of dNTP mix, and 1.25 U of Taq DNA polymerase. The IRAP and REMAP markers were amplified using the following conditions: an initial denaturation of 5 min at 94°C; 34 cycles of 30 s of denaturation at 94°C; 45 s of annealing at 55°C; 30 s of extension at 72°C; and a final extension at 72°C for 5 min.
The PCR products were visualized after electrophoresis on 2 % agarose gels stained with ethidium bromide. Each band was considered an IRAP, REMAP, or ISSR marker. All PCR reactions were repeated twice, and only reproducible bands were considered for the presence (1)/absence (0) analysis. Once the conditions were standardized for the three marker systems, all REMAP bands with a similar molecular weight as the ISSRs or IRAPs produced by the same SSR and/or LTR primer involved in the REMAP primer combination were discarded from the respective matrix to ensure the analysis of effective REMAPs.
Results and Discussion
Parental Genome Discrimination by FISH
Tritordeums of line HT22 were produced by crosses between the H. chilense line H1 and line T81, and tritordeums of line HT27 resulted from crosses between line H7 and line T81. Nonetheless, to confirm the success of these interspecific crosses, mitotic chromosome spreads of eight tritordeums (four of HT22 and four of HT27) were used for FISH performed with genomic DNA from H. chilense and pTa71 (45S rDNA), simultaneously, as probes (Fig. 1) . The FISH technique allowed the unequivocal discrimination of the parental genomes, evidencing 14H. chilense chromosomes (green; Fig. 1 ) and 28 wheat chromosomes that were counterstained with DAPI (blue; Fig. 1 ). The 45S rDNA probe detected eight rDNA loci corresponding to the chromosome pairs: 1B, 6B, 5H ch , and 6H ch (red; Fig. 1 ). Figure 1b also presents a minor wheat rDNA locus (not arrowed) probably located on chromosome 1A. This technique was previously used by our research group for discrimination of parental genomes in tritordeum but also in F 1 interspecific hybrids of the Triticeae tribe involving tritordeum as parental species (Lima-Brito et al. 2006; Carvalho et al. 2008 Carvalho et al. , 2009 ).
The eight newly formed tritordeums showed a total of 42 chromosomes, and no intergenomic translocations were found (Fig. 1) . Table 2 presents the IRAP results achieved with single or combined LTR primers in both tritordeum lines (HT22 and HT27) and their respective parents.
IRAP, REMAP, and ISSR Fingerprinting
Among the 13 LTR primers tested in both tritordeum lines and their parents, only 4 (Sukkula; 3′LTR-BARE1; Stowaway and F100) produced IRAPs when used alone (Table 2 ; Fig. 2a,  b) . After combining these four LTR primers among them, only the two combinations of primers, Sukkula + Stowaway and Sukkula + 3′LTR-BARE1, produced additional IRAPs (Table 2 ; Fig. 2c, d ). The total number of polymorphic (TNPB) IRAP bands of Table 2 includes those shared by the tritordeums and one of their parents (female or male), those exclusively detected in tritordeums but also those specifically detected in one of the parents. The IRAP polymorphism was higher for the HT27 line and its respective parents (Table 2) . A total of 51 polymorphic IRAP bands were shared among tritordeums and the female parent (H. chilense), whereas a total of 27 IRAP polymorphic bands were common among tritordeums and the male parent (durum wheat line T81) ( Table 2) . With these markers, a total of 11 polymorphic IRAPs exclusively amplified in some or all tritordeums (Table 2) were also detected. Polymorphic IRAP bands specific for each parental species (absent in all tritordeums) were also detected (Table S1) .
After testing all possible combinations of LTR and SSR primers, only seven produced REMAPs in both tritordeum lines and their respective parents (Table 3 ; Fig. 3a, b ). Some REMAPs with molecular weights similar to IRAPs or ISSRs produced by LTRs or SSR primers, respectively, when used alone, were discarded. For instance, some IRAPs produced by Sukkula (Fig. 2a, b) and/or ISSRs produced by the SSR 8081 (Fig. 3c, d ) presented similar molecular weights to some REMAPs produced by the combination of primers Sukkula + 8081 primers (Fig. 3a, b) . Consequently, those REMAPs were discarded from the molecular analysis. The percentage of REMAP polymorphisms was higher for the HT22 line and its respective parents (Table 3 ). The high number of polymorphic REMAP bands (31) was shared among tritordeums and durum wheat (Table 3) . REMAPs revealed nine polymorphic bands exclusively amplified in the tritordeum individuals, which were absent in their parents (Table 3) . REMAP polymorphic bands were also detected for each parental species (Table S2) .
The results of ISSR fingerprinting are presented in Table 4 . Among the three marker systems used, the ISSRs showed the highest percentage of polymorphism for both tritordeum lines and their respective parents. The high number of polymorphic ISSR bands (20) was shared among the tritordeums and the durum wheat parent (Table 4) . Only one ISSR band of H. chilense origin (line H7) was inherited by the HT27 line. ISSRs also revealed nine polymorphic bands exclusively present in tritordeums (absent in their parents) as well as polymorphic bands specific for each parental species (not transmitted to tritordeum) (Table 4) .
IRAP, REMAP, and/or ISSR markers have been reported as suitable for DNA fingerprinting (Kalendar et al. 1999; Carvalho et al. 2005) . Recently, they were also pointed out as appropriate for the detection of sequence restructuring within genomes involving retrotransposon or SSR-rich regions in triticale and wheat-rye addition lines (Bento et al. 2008 (Bento et al. , 2010 . In triticale, the disappearance of IRAP and REMAP bands of wheat-and rye-origin and the appearance of novel ones (absent in their parents) was reported (Bento et al. 2008) . These results were considered as polyploidization-induced rearrangements, uncovered in retrotransposon and/or SSR-associated sequences, preferentially allocated in major heterochromatic domains, and affecting mainly rye-origin bands (Bento et al. 2008) . After using the same markers in the seven wheat-rye addition lines, Bento et al. (2010) confirmed that the smaller the amount of rye chromatin introgressed into wheat, the larger the outcome of genome reshuffling. Considering the global results achieved with the present study, most of the polymorphic markers inherited by the newly formed tritordeums had a wheat origin. The evaluation of the molecular data produced by each marker system indicated that most of the polymorphic IRAPs inherited by the tritordeums were of H.chilense origin, whereas most of the polymorphic REMAP and ISSR markers were of wheat origin. These results seem to indicate a preferential elimination of SSR-associated sequences from H. chilense origin in tritordeum, which could be related to the homogenization of the parental genomic DNA content. Consequently, the elimination of such sequences prevented the binding of SSR primers needed for the production of the REMAPs and ISSRs, explaining the results obtained. These data are consistent with our cytogenetic results, which revealed that most of the SSR-rich regions inherited by tritordeum were of wheat origin (Cabo et al. 2013) .
All the marker systems used in the present study were able to detect novel RTNs and ISSRs in the newly formed allopolyploids (Tables 2, 3 , 4), suggesting the occurrence of polyploidization-induced rearrangements. These results were similar to those reported by Bento et al. (2008) . Based on sequence analysis, these authors reported that the rearranged genomic fragments in triticale, from either rye or wheat origin, were retrotransposon-related as well as coding sequences. Alterations in the organization patterns of chromatin condensation could induce changes at the RTN and SSR flanking sequences that are required for the polyploid stability (Bento et al. 2008) . The nonrandom elimination of noncoding and coding sequences has been suggested to overcome genome redundancy induced by different genomes merging (Ozkan et al. 2001; Ma and Gustafson 2005) . Although the present study did not include the analysis of the rearranged sequences (eliminated and novel from wheat and H. chilense origins), it is envisaged for the future. In addition, our parallel cytogenetic studies have also revealed a novel SSR-rich region located in one chromosome pair of one HT27 individual, which probably arose from a sequence of structural rearrangements mediated by RTN activity (Cabo et al. 2013) . The occurrence of this novel SSR-rich region in tritordeum was in accordance with the appearance of novel REMAP and ISSR regions detected in the present study. Both the cytogenetic data (Cabo et al. 2013) , and the molecular results presented here, allowed us to suggest the occurrence of genetic restructuring in newly formed tritordeums involving RTNs and SSR-rich regions.
The specific markers for H. chilense (lines H1 and H7) and durum wheat (line T81) (Tables S1, S2, 4) produced during this study could be further converted to sequence characterized amplified regions (SCARs), used for marker-assisted selection (MAS), gene-tagging or development of quantitative trait loci (QTLs) associated with interesting agronomic traits, being useful for wheat improvement. Furthermore, the analysis of their sequences could also provide insights about their type and functions, and for the understanding of which sequences have been selectively eliminated from tritordeum in response to allopolyploidization.
Conclusions
IRAPs, REMAPs, and ISSRs proved to be reliable tools for DNA fingerprinting of newly formed hexaploid tritordeums and their respective parents. Most of the REMAPs and ISSRs inherited by the newly formed tritordeums originated from wheat. Conversely, most of the IRAPs inherited from the newly formed allopolyploids originated from H. chilense . These markers allowed the detection of novel bands that were uniquely amplified in tritordeum (absent in their parents), and revealed the elimination of bands from either H. chilense and durum wheat origin. These rearranged markers indicated the occurrence of genetic restructuring in response to allopolyploidization, and their sequences will be further analyzed.
